Abstract: Through investigation and analysis of geological conditions and 10 mechanical parameters of the Taziping landslide, the finite volume method was 11 adopted, and, the rheological model was adopted to simulate the landslide and 12 avalanche entire mass movement process. The present paper adopted the GIS platform 13 to simulate the mass movement process before and after treatment. This paper also 14 provided the conditions and characteristic parameters of soil deposits (thickness, 15 speed, and stresses) during the landslide mass movement process and mapped the 3D 16 division of hazard zones before and after landslide treatment. Results indicated that 17 the scope of hazard zones contracted after engineering treatment of the landslide. The 18 extent of high-hazard zones was reduced by about 2/3 of the area before treatment, 19 and characteristic parameters of the mass movement process after treatment decreased 20 to 1/3 of those before treatment. Despite engineering treatment, the Taziping landslide 21 still poses significant hazard to nearby settlements. Therefore, we propose that houses 22 located in high-hazard zones be relocated or reinforced for protection. The hazards of a landslide include scope of influence (i.e., source area, possible 31 path area, and backward and lateral expansion area) and secondary disasters (i.e., 32 reservoir surge, blast, and landslide-induced barrier lake). A typical landslide hazard 33 assessment aims to propose a systematic hazard assessment method with regard to a 34 given position or a potential landslide. Current research on typical landslide hazard 35 assessment remains immature, and there are multiple methods for interpreting 36 landslide hazards. To be specific, the scope of influence prediction of a landslide 37 refers to deformation and instability characteristics such as sliding distance, 38 movement speed, and bulking thickness range. The movement behavior of a landslide 39 mass is related to its occurrence, sliding mechanisms, mass characteristics, sliding 40 path, and many other factors. Current landslide movement prediction methods include 41 empirical prediction and numerical simulation.
The hazards of a landslide include scope of influence (i.e., source area, possible 31 path area, and backward and lateral expansion area) and secondary disasters (i.e., 32 reservoir surge, blast, and landslide-induced barrier lake). A typical landslide hazard 33 assessment aims to propose a systematic hazard assessment method with regard to a 34 given position or a potential landslide. Current research on typical landslide hazard 35 assessment remains immature, and there are multiple methods for interpreting 36 landslide hazards. To be specific, the scope of influence prediction of a landslide 37 refers to deformation and instability characteristics such as sliding distance, 38 movement speed, and bulking thickness range. The movement behavior of a landslide 39 mass is related to its occurrence, sliding mechanisms, mass characteristics, sliding 40 path, and many other factors. Current landslide movement prediction methods include 41 empirical prediction and numerical simulation.
Empirical prediction models only provide a simple prediction of the sliding path. 58 Due to the differences in geological environments, empirical prediction models 59 commonly have low generality. The continuous deformation method has the 60 advantage of an extremely strong replication capability, but it is not recommended 61 when analyzing landslide-debris flows, lahars, or debris flows because of complicated 62 rheological behaviors. The fluid mechanics-based discontinuous deformation method 63 has several shortcomings such as, great computational burden, difficult parameter 64 selection, and difficult 3D implementation. The simplified analytical simulation 65 method fully takes into account the flow state properties of landslides before 66 introducing a rheological model and can easily realize 3D implementation on the GIS 67 platform. On that account, this paper adopted the continuous fluid mechanics-based 68 finite volume method (simplified analytical simulation method). We introduce a 69 rheological model on the basis of using mass as well as momentum and energy 70 conservation to describe the movement of landslides. We also employed GIS analysis 71 to simulate the entire movement process of Taziping landslide and map the 3D 72 division of hazard zones. Adopting the continuous fluid mechanics-based finite volume method, this paper 77 took into account erosion action on the lower surface of the sliding mass and the 78 change in frictional resistance within the landslide-debris flow in order to establish a 79 computational model. The basic idea is to divide the calculation area into a series of 80 non-repetitive control volumes, ensuring that there is a control volume around each 81 grid point. Each control volume is then integrated by the unresolved differential 82 equation in order to obtain a set of discrete equations. The unknown variable is the 83 numerical value of the dependent variable at each grid point. To solve the integral of a 84 control volume, we make a hypothesis about the change rule of values among grid 85 
represents the thickness of the th layer of the landslide in the The momentum balance equation is:
wherein, and represent the dynamic components of the The improved Voellmy rheological model is applied in the computational 135 simulation of the landslide. See the computational formula below:
wherein, represents the unit vector in the movement direction of the Synthesizing control equations (1), (3), (4) and (5), we can obtain the simplified 145 form of the nonlinear hyperbola equation: 
represents the outward normal direction vertical to unit at the i n i C 160 boundary; through adopting the HLL format for the discretization of surface integral, 161 the following simplified form can be obtained:
wherein, represents the mean value of unit variables at moment ; In this paper numerical solver used within RAMMS, which was specifically 183 designed to provide landslide(avalanche) engineers with a tool that can be applied to 184 analyze problems that two-dimensional depth-averaged mass and momentum 185 equations on three-dimensional terrain using both first and second-order finite volume 186 methods (Christen et al., 2010b) . After Wenchuan Earthquake, the massive colluvial deposits covers on the 216 mountain slope, and the landslide mass is dominated by the colluvium. The colluvium 217 is mainly distributed on the top surface of the landslide mass in the thickness of 0.5-218 5.0 m, and is mainly constituted by rubbles and gravels. The mass consists of a small 219 amount of fine gravel substances which are gray or grayish-green, and dominated by 220 andesite in composition, generally with a block size of 20-150 cm. Field survey 221 indicates that the rubbles in the surface layer have a maximum diameter exceeding 2 222 m, and that fine gravel substances are filled among rubbles in a loose structure. 223 Within the thickness of 5-10 m, the landslide mass is constituted of a small amount of 224 yellowish-brown and gray-brown silty clay mingled with 5-40% of non-uniformly 225 distributed broken rubbles. Within the thickness of 10-25 m, there is a wide 226 distribution of gravelly soil. The soil is grayish-green or variegated in color, is slightly 227 compact and non-uniform, and has a broken stone content of about 50%. The parent 228 rock of the broken stones is andesite, filled with silty clay or silt (Fig.4) . Table 1 229 shows the parameters of the surface gravelly soil of the landslide mass based on the 230 field sampling. The landslide is an unconsolidated mass containing relatively large amounts of 235 crushed stones and silty clay (Fig.5) . Its loose structure and strong permeability 236 facilitate infiltration of surface water. The Wenchuan earthquake aggravated the 237 deformation of the landslide making deposits more unconsolidated, further reducing 238 the stability of the landslide mass. During persistent rainfall, surface water infiltrates 239 the landslide slope resulting in increased water pressure within the landslide mass and 240 reduced shear strength on the sliding surface. Thus, rainfall constitutes the primary 241 inducing factor of the upper Taziping landslide. After infiltrating the loose layer, 242 water saturates the slope increasing the dead weight of the sliding mass and reducing 243 the shear strength of soil in the sliding zone. Infiltration into the landslide mass also 244 increases the infiltration pressure of perched water, drives deformation, and poses a 245 great threat to villages located at the front of the landslide. Slide-resistant piles and 246 backfill were place at the toe of the slope in order to reduce the hazards of future 247 slides. The slide-resistant piles have enhanced the overall stability of the slope, 248 however, under heavy rainfall the upper unconsolidated landslide deposits may cut 249 out from the top of the slide-resistant piles. Therefore we simulate possible movement states of the Taziping landslide before 254 and after treatment with slide-resistant piles, comparatively analyzed the kinetic 255 parameters in the movement process, and mapped the 3D division of hazard zones. 256 257 3.2 Hazard prediction before treatment 258 It was assumed that the landslide was damaged before engineering treatment. 259 According to field investigation, the sliding mass had an estimated starting volume of 260 about 600,000m 3 and a mean thickness of 8m. Based on the survey report and field 261 investigation (Hydrologic Engineering and Geological Survey Institute of Hebei 262 Province, 2010), we adopted the survey parameters of Tab.2 for the simulated 263 calculation. See the kinematic characteristic parameters of the landslide deposits in Fig.6 . As 274 shown by the calculation results, ① deposits accumulated during the landslide 275 movement process had a maximum thickness of 23.85m, located around the surface 276 gully of the middle and upper slope. The middle and lower deposits had a thickness of 277 about 5-10m; ② the middle and lower movement speed of the landslide ranged from 278 3m/s and 7m/s; ③ the landslide had a mean pressure of about 500kPa, and the 279 pressure of the middle and lower deposits was about 200kPa. Thus, three-story and 280 lower houses within the deposition range might be buried, and it was further 281 suggested that the design strength of the gable walls of houses on the middle and 282 upper parts of the deposit be increased above 300kPa. After fully accounting for the slide-resistant piles and mounds, we introduced the 286 Morgenstern-Price method (Morgenstern et al., 1965) to calculate the stability 287 coefficient of Taziping landslide after treatment. The physico-mechanical parameters 288 under a saturated state (Hydrologic Engineering and Geological Survey Institute of 289 Hebei Province, 2010) were adopted to search for the sliding plane of the landslide. 290 Under rainfall conditions, the middle area of Taziping landslide was unstable. Loose 291 deposits in the middle part of the landslide might convert into high-water landslide 292 substances and cut out from the top of the slide-resistant piles. In the damaged area, 293 the slope had a rear edge wall elevation of about 1,170m. Its front edge was located 294 on the south side of the mountain road, with an elevation of about 1,070m and a 295 length of about 180m. Thus, the scale of the rainfall-damaged is estimated to be about 296 250,000m 3 , with a mean thickness of about 6m. The parameters in Tab.2 were again 297 adopted for the simulated calculation. 311 and lower deposits was about 100kPa. Thus, it could be held that two-story and lower 312 houses within the deposition range might be buried. It was further suggested that the 313 design strength of the gable walls of houses on the middle and upper parts of the 314 deposits be increased above 150kPa. 315 After treatment, the accumulation thickness and pressure of the deposits were 316 reduced by about 1/2, and the kinematic speed was reduced by about 1/3. However, 317 the Miaoba residential area of Red Village was still partially at hazard.
319 4 Results

320
During landslide movement, the spatial scale indexes of a landslide mass include 321 area, volume, and thickness. The maximum thickness of the landslide is one of the 322 direct factors influencing the building's deformation failure status. A large landslide 323 displacement may lead to burial, collapse, or deformation failure of the building, and 324 thus influence its safety and stability. Thus, landslide thickness constitutes an 325 important index for assessing the hazards of a landslide disaster, and for influencing 326 the consequences faced by disaster-affected bodies. Provided in Tab.3 is a landslide 327 thickness-based division of the predicted hazard zones of Taziping landslide, in which 328 the thickness of the landslide mass correlates with the ability of a building to 329 withstand a landslide disaster. After treatment with slide-resistant piles, the hazard of 330 a future slide was reduced by about 1/3 overall and by 2/3 in high-hazard zones. 
